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Anis Haj Ayed 
Introduction 
Combined with the use of renewable energy sources for its production, Hydrogen 
and Syngas represent a possible alternative gas turbine fuel within future low 
emission power generation. Due to the large difference in the physical properties of 
Hydrogen compared to other fuels such as Natural Gas, well established gas turbine 
combustion systems cannot be directly applied for Dry Low NOx (DLN) Hydrogen and 
High Hydrogen Fuel combustion. Thus, the development of DLN High Hydrogen fuel 
combustion technologies is an essential and challenging task for the future of 
Hydrogen and Syngas fueled gas turbines. 
Such development became especially important in countries like Japan, since the 
Japanese government started to support the use of Hydrogen fuel for power 
generation as possible alternatives (among others) to nuclear energy.  
The present research aims to develop a combustion technology that allows 
burning Hydrogen fuel in stationary gas turbines at dry low Nitrogen Oxide (DLN) 
emission conditions. This research is performed jointly by the Japanese gas turbine 
manufacturer KAWASAKI Heavy Industries, Aachen University of Applied Sciences 
and B&B-AGEMA GmbH and shall advance the developed technology to a mature 
level for real gas turbine operation/application. 
 
1 Micromix Technology 
Basis of the present research is the Micromix combustion principle, which has 
been invented in Germany several years ago for aerospace applications. This 
combustion principle aims to reduce NOx emissions while burning Hydrogen fuel at 
dry conditions (without water or steam injection). Conventional dry low NOx 
combustion technologies, usually used with natural gas fuel, are based on premixing 
fuel and air at a given excess air before combustion, which decreases the flame 
temperature. Since the formation of thermal NOx is primarily dependent on 
temperature and residence time, NOx emission is reduced while reducing flame 
temperatures by premixing. 
The premixing technology cannot be applied with Hydrogen fuel due to the high 
flammability of Hydrogen, which increases flash back risk. The Micromix burning 
principle offers an alternative technology to reduce NOx emissions by reducing the 
residence time of Nitrogen and Oxygen in the hot flame zone. The idea is to 
distribute the heat release inside a gas turbine combustor on several small and short 
flames, instead of one conventional flame.  
 
Figure 1 shows the Micromix burning principle schematically. The air flow is show 
by the green arrows. The Hydrogen fuel is supplied using Hydrogen supply ducts 
located within the air flow. The Hydrogen supply ducts are connected by air guiding 
panels, which include small air flow gates, where the air flow is contracted into small 
air streams. The contraction of the air flow leads to the creation of small air vortices 
in the wake of the air guiding panel. The Hydrogen fuel is injected perpendicularly to 
the small air streams (jet in cross flow) as shown by the blue arrows in figure 1. The 
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mixture of fuel and air flows into the combustion chamber and larger vortices are 
created in the wake of the hydrogen injection ducts. The system of vortex pairs 
(green and red colored in figure 1) with streams of fuel and air in-between allows 
stabilization of Micromix flames along the inter-vortex shear layers. 
 
 
Figure 1: Principle of the Micromix Combustion 
 
The major advantages of this combustion principle are the inherent safety against 
flash-back and the low NOx-emissions due to a very short residence time of reactants 
in the flame region of the micro-flames. 
 
2. Characterization of baseline configuration for Pure Hydrogen Operation 
A first Micromix burner has been designed as an experimental burner for basic 
characterization in order to validate the ability to stabilize Micromix flames, study their 
structure and prove the dry low NOx ability of this technology. The baseline burner 
has been designed with a fuel injector diameter of 0.3 mm, which assures a 
sufficiently small flame size.  
The experimental burner includes 3 straight hydrogen supply ducts, which have 
rows of Hydrogen injectors on their both sides as shown in figure 2. Air guiding 
panels connect the hydrogen supply ducts and include several air contracting gates 
(same number of the hydrogen injectors), which are located directly upstream of the 
fuel injectors.  
 
Figure 2: Baseline Experimental Burner Geometry 
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2.1 Experimental characterization [1] 
The baseline burner is integrated within an atmospheric test rig shown in figure 3. 
Preheated air with a temperature of 560 K is supplied to the burner. The preheating 
aims to establish a comparable thermal condition as in a typical gas turbine 
combustor inlet. A movable exhaust gas probe is placed downstream of the burner 
and collects exhaust gas samples, which are analyzed for species concentrations. 
This allows the measurement of emissions in the exhaust at different positions, which 
are averaged for a representative burner emission. 
The experimental NOx characteristic of this test burner and the observed flame 
structure are shown in figure 4. The corrected NOx emissions (@ 15% O2) obtained 
in the experiment are given against the equivalence ratio . Figure 4 reveals that the 
NOx emissions of the test burner is in a range below 2 ppmv NOx @ 15%O2, at its 
design full load operation point. At the design equivalence ratio of  = 0.4 the NOx 
emission is found approx. 1.3 ppmv @ 15% O2, which proves the low NOx ability of 
the Micromix test burner. 
 
Figure 3: Atmospheric Test Rig Set-up 
 
Figure 4: Measured NOx Emission of the Baseline Burner (atmospheric condition) 
 
2.2 Numerical Modeling and Characterization [1] 
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For the numerical evaluation of the burner geometry in terms of flame stabilization 
and NOx emission level, a simplified numerical approach has been applied. The 
numerical approach includes the 3D numerical simulation of the flow field within the 
burner and combustion chamber based on a RANS solver, three different combustion 
models and a simplified thermal NOx formation model. The comparison of 3 different 
combustion models will show the sensitivity of the Micromix flame simulation to 
model selection and will support the selection of an appropriate model for the further 
numerical investigation of Micromix burners.  
The numerical analysis has been carried out using a commercial CFD code and 
has been based on a simplified geometric model derived from the baseline test 
burner configuration.  The geometric model is shown in figure 5 and covers a 
longitudinal burner slice, which makes use of the symmetric nature of the burner in 
both lateral and vertical directions. The symmetric boundaries along the lateral 
direction are set on the cross section through the center of one hydrogen injection 
hole and on the cross section between two hydrogen injection holes, respectively. 
Along the vertical direction the symmetry planes are set on the center section 
through one air guiding panel and on the center section through one hydrogen 
segment. Thus, the slice model contains one half of a hydrogen injection hole and 
one half of an air guiding gate. 
 
Figure 5: Computational Domain of the Micromix Burner 
3D steady RANS calculations have been performed. The realizable k,ε turbulence 
model with all y+ wall treatment has been applied. The hydrogen combustion process 
has been simulated based on three combustion models: the EDM, the ED-FR and 
the EDC model. The EDM (Eddy Dissipation Model) and the ED-FR (Eddy 
dissipation – Finite rate) models are based on a reduced hydrogen combustion 
reaction model including one step hydrogen combustion reaction. The Eddy 
Dissipation Concept (EDC) model combines turbulent mixing effects with chemical 
kinetics and is based on a detailed combustion reaction mechanism composed of 19 
reactions.  
 
Figure 6: Simulated recirculation and vortex structure of the Micromix burning principle 
(baseline burner) 
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The calculated flow field is shown in figure 6 in terms of stream lines for an 
equivalence ratio of 0.4. The Micromix burning principle is characterized by distinct 
reaction zones, anchoring near the edge of the Hydrogen supply duct and stabilized 
by the inner and the outer vortex pairs. The inner vortex pair results from the air 
recirculation downstream the air guiding panel after contraction in the air gate. The 
outer vortex pair is created by recirculating hot gas downstream the Hydrogen supply 
duct. Due to the axial shift in the position of the Hydrogen supply duct front face and 
the air guiding panel, an inclined shear layer is established in-between the vortices 
and combustion reaction takes place and is stabilized along this inter-vortex shear 
layer. The simulation confirms the presence and stability of the vortex pairs as shown 
in figure 6. 
 
Figure 7: Calculated Temperature Distributions of the Baseline Burner (atmospheric 
condition, ϕ= 0.4) 
Figure 7 shows the temperature distribution in a meridional section through the 
Hydrogen injectors for all three calculations. The EDM calculation shows higher peak 
temperatures in the reaction zone, which is found to take place earlier and faster 
compared with the ED-FR and the EDC calculations, leading to a higher temperature 
of the outer vortex pair as marked in figure 7. The ED-FR and the EDC calculations 
provide more similar temperature distribution and flame structure. The ED-FR model 
provides slightly higher temperatures along the Micromix flame, whereas the EDC 
model provides slightly higher temperature inside the outer vortex pair. The 
maximum temperature level is found below 1700 C for both models. Significantly 
higher peak temperatures are reached with the EDM calculation. These exceed 2000 
C in the reaction zone and result from fast reaction that leads to concentrated local 
heat release. 
 
Table 1: Calculated and Measured NOx emissions of the baseline burner (ϕ = 0.4) 
E
D
M
E
D
-F
R
E
D
C
faster ignition, higher
peak temperature
slower reaction, lower temperatures
higher vortex
temperatue
EDM ED-FR EDC Measurement
NO emission
[ppmv @ 15% O2 ]
6 0.65 1.02 1.3
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Table 1 shows the calculated thermal NOx emissions for all three calculations and 
the measured NOx emission (corrected to 15% O2) at the design equivalence ratio of 
0.4. Due to the higher temperatures in the reaction zone, the EDM model provides 
the highest thermal NOx emission of approx. 6 ppmv @ 15% O2. The ED-FR and the 
EDC models provide lower thermal NO emission with approx. 0.65 and 1.02 ppmv @ 
15% O2 , respectively. Thereby, the result of the EDC model is found closest to the 
measurement value of 1.3 ppmv @ 15% O2. 
Comparing the performance of the considered models, it is found that the ED-FR 
model provides a good compromise between simulation effort and results quality. 
The calculated temperature field, flame structure and NOx emission is found 
similar/close to the results of the EDC model and the experimental results. Thus, 
both the EDC and the ED-FR combustion models can be used to characterize the 
Micromix combustion.  Thereby, the ED-FR may be used to perform fast parametric 
studies where the simulation effort needs to be reduced. 
 
3. Sensitivity of the Micromix burner to geometric modifications [2] 
After basic characterization of the baseline Micromix burner and proving its dry 
low NOx ability, a geometric change has been investigated in order to verify the 
sensitivity of NOx emissions to such a change. Thereby, the width of the air gates 
has been reduced, aiming to accelerate the air stream velocity and enhance mixing 
along the flame stabilization zone. 
 
Figure 8: Calculated and Measured NOx emissions of the baseline burner and a modified 
burner (atmospheric condition) 
 
Figure 8 shows calculated and measured NOx emissions of the baseline burner 
and the modified burner for a certain range of equivalence ratios. Low NOx 
emissions are found for both burners at low equivalence ratios. Starting at an 
equivalence ratio of 0.33, the measured NOx emissions (dashed lines) start to 
increase rapidly. This rapid increase takes place earlier for the modified burner, so 
that the NOx emissions at design equivalence ratio of 0.4 increases to approx. 6 
ppm, compared to 1.3 ppm for the baseline burner. The calculated NOx emissions 
show a very similar trend (solid lines), comparing both burner configurations.   
Measured and calculated NOX emissions show good agreement at low 
equivalence ratios, but a constant deviation at higher equivalence ratios. The 
quantitative differences might result from the simplified thermal NOx model (only 
baseline, measurement
baseline, simulation
modified, measurement
modified, simulation
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thermal NO is considered) used in the simulations. Nevertheless, the phenomena 
leading to the different behavior of both burners can be investigated numerically. 
In order to understand the phenomena leading to the earlier NOx increase of the 
modified burner, temperature distributions at an equivalence ratio of 0.6 are 
investigated as shown in figure 9. There, it can be seen that the temperature inside 
the outer vortex pair of the modified burner is higher compared to the baseline 
burner.  
 
Figure 9: Calculated Temperature distribution of the baseline burner and the modified burner 
(atmospheric condition, ϕ = 0.6) 
It can be seen that the Micromix flame of the baseline burner is surrounded by 
cold air that penetrates the outer vortex leading to a local dilution and decrease in 
temperature. This side cold air penetration is not found in the modified burner. 
This lateral cold air flow around the flames obviously results from the larger air 
gates, which leads to an enhanced air distribution in lateral direction (in-between the 
Micromix flames).  
Thus, enlarging the air gates has a significant positive impact on the temperature 
distribution in the Micromix burner and consequently there should be a positive 
influence of the NOx formation and emission. Reducing the width of the air gates has 
negative impact on NOx emission behavior and should be avoided. 
 
4. Scaling to Higher Energy Densities 
Based on a burner injector size of 0.3mm, an integration of the Micromix 
technology in real gas turbine combustors would be related with two major 
challenges: a) high complexity and manufacturing effort due to huge number of 
injectors and b) the risk of hole’s blockage due to possible fuel impurities. For this 
reason, it is important to increase the injector size and thus, increase the energy 
density of the burner. This should be achieved without significantly increasing NOx 
emissions, which is challenging due to increased flame length, thickness and peak 
temperatures. 
The injector size has been increased step by step as explained in the following 
sections.  
 
4.1 Higher energy density: 0.45 mm and 0.55 mm injector diameters [3] 
Within a first step, the injector diameter has been increased to 0.45mm and 0.55 
mm (energy density is increased by 2.5 times and 3.36 times respectively). Thereby, 
Burner 1:
Burner 3:
cold air dilution
lateral cold air penetration
higher vortex temperature
S1 S2 S3 S4
baseline
modified
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the 0.55mm burner has been equipped with a larger distance between the Hydrogen 
injectors, in order to avoid flame merging. 
The measured and calculated NOx emissions of both burners are shown in figure 
10. 
In general, the calculated NOx emission curves are characterized by a rapid 
increase in NOx concentration at higher equivalence ratios (rich combustion) and an 
asymptotic convergence at lower equivalence ratios (lean combustion). A similar 
trend has been found in the experimental investigations of both Micromix burner 
configurations regarding the overall NOx measurement data. 
A quantitative comparison of the measurement results and numerical results 
shows an offset, which is primarily due to reducing the NOx emission model to 
thermal NOx. Nevertheless, the qualitative trend of NOx emission is well predicted by 
the numerical model.  
The measured NOx emissions are almost similar for both burner configurations 
and the 0.55mm burner has a lower overall NOx level then 0.45mm burner, despite 
of its higher energy density. Similar tendency in behavior according to the 
equivalence ratio is shown by the numerical results for the thermal NOx emissions. 
For equivalence ratios Φ less than 0.42, the 0.45mm burner shows lower thermal 
NOx emissions, but the difference between both configurations is rather small. Above 
an equivalence ratio of 0.42, the calculated thermal NOx emissions of the 0.45mm 
burner become larger compared to the 0.55mm burner, despite of its lower energy 
density. A further increase of the equivalence ratio leads to a significantly rapid 
increase of the calculated thermal NOx emission for both burner configurations.  
 
Figure 10: Measured and calculated NOx emissions of the 0.45mm and the 0.55 mm burners 
(atmospheric condition) 
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Figure 11: Calculated temperature distribution on axial Section of the 0.45mm and the 
0.55mm burners (ϕ= 0.4, atmospheric condition) 
The lower NOx emission level of the 0.55mm burner results from its larger injector 
distance. As shown in figure 11, this leads to an enhanced cold air flow that is able to 
enter the hot vortex region of the combustor in-between the flames, as shown in 
figure 11. This means that the increase of the burner’s energy density would not 
necessarily lead to increased NOx emissions. An adequate selection of geometric 
parameters aiming to cool the flame surroundings offers a significant potential to 
reduce NOx emissions while increasing energy density. 
 
4.2 Higher Energy density: 1mm [4] 
In order to further increase the energy density of the Micromix burner, the 
knowledge gained within the previous investigations has been applied to design a 
high energy density burner with low NOx emissions. Based on this approach, an 
injector scaling up to a diameter of 1mm has been achieved, which means that the 
energy density has been increased more than 11 times (amount of fuel per injector 
increased by more than 11 times). The resulting Micromix flames are shown in figure 
12.  
 
 
Figure 12: Flame appearance (left) and Calculated temperature distribution (right) of the 
1mm burner (ϕ=0.4, atmospheric condition) 
On the left hand side, the experimental flame appearance is shown and the typical 
Micromix flame structure and anchoring are confirmed. The flames are distinct and 
do not merge. The numerical result (on the right hand side) shows similar behavior: 
distinct flames are identified and a cooling of the exhaust recirculation zone is 
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adjacent 
flames
cold air 
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0.45mm 0.55mm
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achieved (thanks to application of adequate design rules derived from previous 
investigations: relative injector distance, relative air gate width, relative height of air 
guiding panel). 
 
Figure 13: Measured and Calculated NOx emissions of the 1mm burner (atmospheric 
condition) 
The calculated and measured NOx emissions of the 1mm burner are shown in 
figure 13. For this burner measured and calculated NOx emissions are in very good 
qualitative and quantitative agreement. At a design equivalence ratio of 0.4 the NOx 
emission is approx. 2 ppm. The low NOx emission level is maintained over a wide 
range of equivalence ratios up to 0.55. Beyond this value the NOx emission starts to 
increase rapidly indicating too rich combustion. 
It is very interesting that the NOx emission level of the 1mm burner is at the same 
level of the 0.45mm and the 0.55 mm burners, which have 11 times lower energy 
density. This is a result of the improvement of the design parameters, which 
decrease temperatures surrounding the flames and thus decrease NOx formation 
outside of the reaction zone. 
 
5. Numerical Study of further improvement potential [5] 
Figure 15, (left) shows the temperature distribution (bottom) and NOx 
concentration (top) of the 1mm burner at an equivalence ratio of 0.4. The flame 
shows an interesting structure, which indicates that a part of the fuel is burnt after the 
inter-vortex shear layer. This is a result of the increased energy density, which leads 
to a longer flame reacting in two main zones: the shear layer and the post shear layer 
zones. The NO concentration shows that a significant part of NOx is formed within 
the thick post shear layer flame segment. Thus, if the shear layer between the inner 
and outer vortices is enlarged, more heat release could take place within the low 
NOx shear layer zone and the overall NOx emission of the burner can be reduced.  
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Figure 14: Parametric Variations of the 1mm burner (left: mixing length, right: height of air 
guiding panel) 
In order to increase the length of the shear layer, parametric studies have been 
performed under variation of the mixing length (see figure 14, left) and the relative air 
guiding panel height (see figure 14, right).  
 
Figure 15: Calculated Temperature and NOx Concentrations of 1mm burner (left) and 
optimized 1mm burner (right) 
The parametric studies revealed an optimal burner configuration which reduces 
the flame region to the inter vortex shear layer and enhances the jet in cross flow 
mixing of fuel and air upstream of the flame (see figure 15, right). The NOx emission 
is decreased from 1.38 ppm in the reference burner to approx. 0.28 ppm in the 
optimal burner configuration. This is a significant reduction of NOx emission, which 
allows further increase of energy density, especially considering higher pressure 
operating conditions as typically required in gas turbine combustors. 
 
6. Application for real gas turbine Combustors [6] 
As a result of the present research, the developed Micromix technology has been 
adopted by Kawasaki Heavy Industries to design a real gas turbine combustor for 
pure Hydrogen combustion. The combustor has been tested at an air pressure of 2 
bara and with preheated air to 620 K. The designed pure Hydrogen combustor is 
shown in Figure 16. 
Figure 17 shows the measured NOx emissions for a thermal load range of 0 to 
100%. Up to 80 % load, the NOx emission remains below 15 ppm. At full load, the 
NOx emission increases but remains below 20 ppm @15%O2. This is higher than the 
expected NOx emission from experimental burners, which is due to integration issues 
within the can type combustor leading to geometrical deviations from the ideal 
geometry of the experimental burners.  
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The overall NOx level at realistic and dry (without water or steam injection) gas 
turbine operating conditions is considerably low and allows the application of low 
emission Hydrogen combustion in gas turbines for low emission power generation. 
 
Figure 16:  Prototype Combustor of Kawasaki M1A-17 Gas Turbine 
 
Figure 17: Measured NOx emissions of Kawasaki M1A-17 gas turbine prototype combustor 
7. Application of Micromix to Syngas Combustion [7] 
After successful development of the Micromix burning technology for pure 
Hydrogen combustion, an investigation of the technology’s potential for Syngas 
applications is performed. Thereby, the baseline burner (0.3mm injector diameter) 
has been operated with a 90/10 vol% mixture of Hydrogen and Carbon Monoxide.  
The flame appearance shown in figure 18 (left) confirms stable and distinct Micromix 
flames at an equivalence ratio of 0.4. The NOx emission is found significantly low 
(less than 2 ppm) at the design equivalence ratio.   
A literature review and identification of suitable combustion models for Syngas 
combustion has been performed. Numerical simulations have been performed for the 
baseline burner with Syngas operation and confirmed the ability of Syngas Micromix 
flame modeling and NOx emission prediction. 
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Figure 18: Measured Syngas Flame appearance and NOx emissions with baseline burner 
(atmospheric condition) 
 
Summary and Outlook 
A Novel combustion technology has been developed, explored and advanced 
based on experimental and numerical characterizations and systematic 
improvements. The Micromix combustion technology allows pure Hydrogen and 
Syngas combustion at dry low NOx emissions. Based on the present research, the 
Micromix technology has reached a mature level, which allowed its integration in the 
development of a gas turbine combustor for pure Hydrogen operation. The 
developed combustor proved dry low NOx ability at realistic gas turbine operating 
conditions. This result announces the beginning of Hydrogen and Syngas fuel use in 
power generation in Japan and worldwide.  
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